amino acid sequence homology; 70-80% identity throughout the entire protein (Somers et al. 2000; Nelson et al. 2000; Schultz et al. 2001) . Each member of ZTL protein family has a LOV, an F-box and six kelch repeat domains.
Their LOV domain structures are similar to those of the blue light receptors, phototropins (phot1 and phot2) (Briggs and Christie 2002; Cheng et al. 2003) . Their LOV domains can bind flavin mononucleotide (FMN) and show typical spectral properties of blue light photoreceptors indicating the blue light related functions (Imaizumi et al. 2003) . All the ZTL family member proteins show light-induced difference spectra of the LOV domains which have been observed in formation of the long-lived photo-intermediate of the phototropin LOV domains (Imaizumi et al. 2003; Sakai et al. 2001 ). This photo-intermediate involves the formation of a cysteinyl adduct between a cysteine and FMN chromophore (Salomon et al. 2000) . Replacing the cysteine of FKF1 with alanine abolishes the all photochemistry suggesting that FKF1 has a property of a blue light receptor (Imaizumi et al. 2003) . In contrast to the phototropin LOV domains, the LOV domains of FKF1, LKP2 and ZTL don't show detectable dark recovery. Taken together, these data indicate that ZTL family members could be previously unknown photoreceptors (Imaizumi et al. 2003) .
The F-box is a motif found in F-box proteins which specifically interacts with SKP1, a component of the Skp/Cullin/F-box (SCF) complexes that recruit substrate specific proteins for ubiquitination and subsequent proteolysis by the 26S proteasome in an ATP dependent manner (Deshaies 1999; Vierstra 2003) .
Protein-protein interaction domains exist C-terminal to the F-box to define the specificity of the F-box protein.
Six kelch repeats are this region for ZTL family members, which forms a b-propeller structure which is similar to the one formed by WD40 repeats (Garcia-Higuera et al.1998) .
The combination of these three domains of ZTL family members suggests that they may mediate the light dependent protein degradation by forming SCF complexes. Yasuhara et al. (2004) performed yeast two hybrid analysis testing the interactions between ZTL family members and components of the clock and the SCF complexes. ZTL family members interacted with similar Arabidopsis Skp1-like proteins (ASK) and their F-box domains are sufficient for the interactions. In vivo studies showed that ZTL associates with known core components of SCF complexes (Han et al. 2004) . Mutations in the F-box of ZTL disrupt the association with core components of the complex and cause the circadian disfunction. ZTL protein is stabilized in the Fbox mutant due to lack of the SCF ZTL complex formation (Han et al. 2004 ).
ZTL, a novel blue light receptor connecting light input and the circadian clock
ztl-1 was isolated as a long period mutant from a period mutant screening using a luminescence assay (Millar et al. 1995) . ztl-1 shows a long period phenotype both under red and blue light (Somers et al. 2000) . Interestingly, the period effects of ztl-1 are strongly fluence rate dependent, showing much longer period under low fluence, implicating ZTL function in a light input pathway to the clock. Further characterization showed that the free running period of two different clock regulated genes (CHLOROPHYLL A/B BINDING PROTEIN 2 and COLD CIRCADIAN RHYTHM-RNA BINDING2) and cotyledon leaf movement are lengthened by the ztl-1 mutation. The ztl-1 mutant (C24 ecotype background) also shows a slight late flowering phenotype under long days but not under short days, indicating that ztl-1 affects the photoperiodic flowering time regulation at least in this ecotype. Hypocotyl elongation in ztl mutants is hypersensitive to red light, but little affected by blue light. Taken together, these results indicate that ZTL participates in the regulation of wide range of clock related phenomena (Somers et al. 2000) . ztl-2, which shows similar phenotypes to ztl-1, and ztl-1 both have a single amino acid substitution in kelch domain and their mRNA and protein levels are similar to those of wild type plants (Somers et al. 2000 . A null T-DNA insertion line ztl-3 was isolated (originally reported as adagio 1, Jarillo et al. 2001 ) that lacks detectable ZTL mRNA and protein ). This line shows an overall similar phenotype to ztl-1 and ztl-2, and ztl-1 was confirmed to be a null allele by genetic analysis . Interestingly, ztl mutants show a long period phenotype even in continuous dark, suggesting that ZTL is not simply functioning in the light input pathway but is closely related to the clock oscillator. Mas et al. (2003b) found that ZTL and TOC1 interact in vitro and in vivo, and TOC1 is a substrate of targeted degradation by ZTL through a proteasome-dependent pathway. The in vivo interaction is abolished by the ztl-1 mutation in the kelch domain. This mutation doesn't change the diurnal oscillation of TOC1 mRNA, but results in constitutively high TOC1 protein accumulation. Knockout or decreased levels of TOC1 shorten the free running period of the circadian clock, while TOC1 overexpression results in long period (Somers et al. 1998; Mas et al. 2003a; Makino et al. 2002) . ztl-1/TOC1-RNAi line shows short period phenotype similar to that of TOC1-RNAi line (Mas et al. 2003a (Mas et al. , 2003b . Taken together, these data suggest that the long period phenotype of ztl mutants is due to the constitutive accumulation of TOC1 protein. Somers et al. (2004) generated ZTL overexpressor lines with different ZTL expression levels and found that circadian period is highly sensitive to the ZTL expression level. The circadian period in the light becomes increasingly shorter at higher levels of ZTL, and strong ZTL overexpression causes arrhythmicity. This ZTL level dependent period phenotype might be due to the changes in TOC1 protein level. TOC1 is a substrate of targeted degradation of ZTL (Mas et al. 2003b) , so TOC1 level might be low in ZTL overexpressors.
The strong overexpressor of ZTL shows late flowering under long days (Kiyosue and Wada 2000; Somers et al. 2004) . RNA levels of floral activators CONSTANS (CO) and FLOWERING LOCUS T (FT ) were significantly low in the line ). According to the recent studies concerning FKF1, the late flowering phenotype of ZTL-OX might be due to the competitive interaction of ZTL with FKF1 to GIGANTEA (GI). The FKF1-GI interaction is suggested to be important for releasing the CO transcription from repression by CYCLING DOF FACTOR 1 (CDF1) (Sawa et al. 2007 , see the FKF1 section of this review). High levels of ZTL proteins may competitively interact with GI, resulting in fewer GI-FKF1 parings that may phenocopy an fkf1 knockout, like late flowering. Kiba et al. (2007) found that ZTL targets not only TOC1 but also PRR5 for degradation through proteasome pathway by direct interaction. PRR7 and PRR9 don't interact with ZTL in vivo (Kiba et al. 2007 ). These interaction data are consistent with the yeast two hybrid data by Yasuhara et al. (2004) showing that ZTL interacts with TOC1 and PRR5, but not with PRR3, PRR7 and PRR9. PRR5 protein is less stable under dark and stable under blue light due to the direct interaction with ZTL (Kiba et al. 2007 ). The PR domain of PRR5 is critical for the interaction with ZTL, and the deletion of the domain results in stabilized PRR5 protein as in ztl mutants. Overexpression of the PR domain alone phenocopies the hypocotyl and flowring features of the long period ztl-21 mutant (Kevei et al. 2006; Matsushika et al. 2007 ) suggesting that excess PR domains might sequester ZTL away from the normal ZTL-PRR5 association (Kiba et al. 2007 ).
Red light hypersensitivity for hypocotyl elongation and the long period of ztl were only partially suppressed by the prr5 mutation (Kiba et al. 2007) . In contrast, the toc1 mutation, which shows a much shorter period than prr5, completely suppressed the long period phenotype of ztl (Mas et al. 2003a (Mas et al. , 2003b Yamamoto et al. 2003) . Further genetic analyses are important to clarify their contribution for the circadian mechanisms.
As described above, TOC1 protein is degraded by ZTL (Mas et al. 2003b ). However, ZTL and TOC1 proteins show similar oscillation pattern; both peak in the evening. Therefore, there should be other factors or mechanisms which regulate the TOC1 stability and/or ZTL activity for the degradation. Para et al. (2007) found that PRR3 might function to stabilize TOC1 protein by competing with ZTL. TOC1 and PRR3 show in vivo and in vitro interaction, and PRR3 positively regulate the TOC1 protein level posttranscriptionally. PRR3 doesn't interact with ZTL in yeast (Yasuhara et al. 2004; Para et al. 2007) , so it might function as a TOC1 stabilizer by protecting from degradation by ZTL. Different from most clock related genes, ZTL mRNA level doesn't show any diurnal oscillation (Somers et al. 2000 ; Figure 1 ). Nonetheless, ZTL protein level shows a S. Fujiwara (Fowler et al. 1999; Somers et al. 2000) . Lower panel shows the protein level of GI (black line, David et al. 2006 ) and ZTL (gray line, Kim et al. 2003) and their status. ZTL protein levels show diurnal oscillation due to the blue-light-dependent interaction with GI (Kim et al. 2007 ). (A) In the morning, ZTL level is low due to the low level of GI. (B) GI accumulates during the photoperiod and directly interacts with ZTL. This GI-ZTL interaction is enhanced by blue light absorption by ZTL and protects ZTL from proteasome dependent degradation. (C) In the dark, the GI-ZTL interaction is diminished, and ZTL released from the interaction is degraded. GI protein level also goes down due to its mRNA oscillation. (D) ZTL drops to low level due to the low level of GI. This oscillation of ZTL protein generated by the interaction with GI is needed for the robust oscillation of TOC1, a key component of the circadian clock (Kim et al. 2007 ).
clear diurnal and circadian oscillation (Kim et al. 2003 ; Figure 1 ). ZTL protein itself is degraded by the proteasome pathway, and the degradation is circadian phase dependent; labile in the morning and stable in the evening. These data indicate the possible posttranslational regulation of ZTL stability. Kim et al. (2007) reported that ZTL is a novel type of blue light receptor which is stabilized by direct interaction with GI specifically in blue light (Figure 1 ). GI has been well known to be a major positive regulator of photoperiodic flowering and reported to function as a peripheral circadian clock regulator by genetic analysis (Fowler et al. 1999; Yanovsky and Kay 2003; Mizoguchi et al. 2005; Fujiwara et al. 2005a Fujiwara et al. , 2005b Niinuma et al. 2007 ). However, its biochemical function has been unclear because GI encodes a large plant specific unknown protein (Fowler et al. 1999) . Kim et al. (2007) found that in GI overexpressor and knock out lines, ZTL protein level damps to high or low level, respectively, with no ZTL mRNA level change. In vitro degradation assays showed that ZTL protein is stabilized in GI overexpressors. GI interacts strongly with the LOV domain of ZTL in vivo and in vitro. The interaction of these proteins is enhanced by blue light, and having mutations in LOV domain diminishes the interaction whereas mutations in other domains do not. Intriguingly, a mutation in LOV domain (C82A), implicated in the flavin-dependent photochemistry, eliminates the bluelight dependency of GI-ZTL interaction. Due to the clock controlled GI mRNA transcription, GI protein shows cyclic accumulation that confers a posttranslational rhythm of ZTL protein (Figure 1 ). This mechanism of establishing the oscillation of ZTL results in the robust oscillation of TOC1 rhythms which is necessary for proper circadian clock regulation. Taken together, these findings also define a novel type of LOV domain function; blue light dependent protein-protein interaction which confers circadian protein oscillation by post-translational stabilization by the interactor. Kevei et al. (2006) conducted a large scale genetic screen of clock affecting loci from EMS mutagenized populations. They characterized new ztl alleles and the previously isolated alleles (ztl-1, 2, and 3) which cover each of the ZTL protein domains. All of the alleles tested show long period phenotype regardless of the light conditions even in dark grown seedlings. Mutants except ztl-3 (null) and ztl-31 (expressing a truncated protein) have significant levels of ZTL protein, thus all the protein domains contribute to the circadian system. A LOV domain mutant ztl-21 retains wild type response to red light both for circadian period and for hypocotyl elongation. Jarillo et al. (2001) demonstrated that ZTL interacts with PHYTOCHROME B (PHYB) in yeast suggesting that defect in red light response of ztl mutants is possibly through ZTL-PHYB interaction, but this interaction is unaffected by any ztl mutations tested (Kevei et al. 2006 ). Mutations of kelch repeat affect protein binding at the LOV and the F-box domains in yeast. Taken together, the complexity of ztl mutant phenotypes is due to the functions of several target proteins which require interaction with ZTL differently.
Is LKP2 an alternate for ZTL?
A second member of ZTL family, LKP2 was identified by BLAST searches (Shultz et al. 2001) . LKP2 mRNA is detected in wide variety of tissues by RT-PCR and doesn't show diurnal oscillation (Shultz et al. 2001) . GFP associated fluorescence is detected in nuclei in the 35S:LKP2-GFP plant (Yasuhara et al. 2004) , while CFP-LKP2 signals are localized both in the nucleus and cytosol when transiently expressed in onion epidermal cells (Fukamatsu et al. 2005) . According to the yeast two hybrid assay, LKP2 interacts with TOC1 and PRR5 through its LOV domain and ASK proteins through its Fbox domain (Yasuhara et al. 2004 ). Di19 and CONSTANS LIKE 1 (COL1) were also identified as interactors of LKP2 by yeast two hybrid screening to find candidate substrates of LKP2 (Fukamatsu et al. 2005) . COL1 and other CO/COL family members also interact with ZTL, FKF1 or LKP2. CFP-LKP2 form nuclear bodies only when it is co-expressed with YFP-CO or YFP-COL1, suggesting the possibility that LKP2 and CO/COL family members function together in the nuclear bodies. CDF1, CDF2 and CDF3 interact with the kelch repeats of LKP2 in yeast (Imaizumi et al. 2005 ; See the FKF1 section of this review). GI also interacts with LKP2 in vivo (Kim et al. 2007) .
Although many interactors have been reported, the function of LKP2 is still unclear. So far, no phenotypic difference with wild type has been reported for the lkp2 knockouts. An lkp2 knockout line shows wild type flowering phenotype under long day and short day conditions (Imaizumi et al. 2005 ). On the other hand, LKP2-OX shows various phenotypes which imply its function in the circadian mechanisms (Shultz et al. 2001) . The overexpression of LKP2 results in arrhythmicity for various clock outputs both under continuous light and dark conditions, and the expression of the clock components also show arrhythmicity. LKP2-OX also shows a long hypoctyl phenotype under white, red and blue light and late flowering under long days.
Taken together, the conclusion of these studies is the LKP2 might function in clock regulation but how is still not clear. There might be redundant factors working with LKP2 that mask the phenotype of the lkp2 single knockout. Overall phenotypes of LKP2-OX are similar to those of ZTL-OX, suggesting that LKP2 may have redundant function with ZTL. Yeast two hybrid data by Yasuhara et al. (2004) showed that ZTL family members homo-or hetero-dimerize between LKP2 and ZTL, LKP2 and LKP2, LKP2 and FKF1, but don't between ZTL and ZTL, or ZTL and FKF1. These interaction data also support the idea that LKP2 and ZTL (and FKF1) may have redundant functions. ztl single mutants show strong phenotype which is different from an lkp2 knockout line, suggesting the possibility that LKP2 may function as an alternate or supplement of ZTL.
FKF1, another blue light receptor which directly regulates photoperiodic flowering
Different from ZTL and LKP2, FKF1 doesn't appear to participate in circadian clock regulation but has an important role for photoperiod recognition for proper flowering time regulation.
An fkf1 mutant was originally isolated as a late flowering mutant, which is rescued by vernalization or gibberellin treatment (Nelson et al. 2000) . fkf1 mutants and FKF1-OX lines don't show defects in circadian period, suggesting that they don't participate in the clock regulation (Nelson et al. 2000; Imaizumi et al. 2003) . Different from ZTL and LKP2, FKF1 mRNA shows robust circadian oscillation (Nelson et al. 2000) . These data suggest that FKF1 functions for controlling flowering under the regulation of the circadian clock.
Arabidopsis plants sense seasonal changes by measuring the daily photoperiods, which then determine when to flower. Photoperiodic flowering regulation is mediated by complex interactions between environmental signals and time keeping mechanisms associated with the circadian clock (Yanovsky and Kay 2003; Imaizumi and Kay 2006) . The crucial step for the day length measurement is the proper regulation of circadian CO expression and CO protein stability and activity by light. The coincidence of high levels of CO and light induces the expression of FT. The FT protein and the rice ortholog of FT (Heading Date 3a) protein are suggested to be mobile flowering induction signals "florigen" (Corbesier et al. 2007; Tamaki et al. 2007) .
A number of factors including GI, FKF1 and CDF1 proteins are known to regulate CO transcription (Fowler et al. 1999; Suarez-Lopez et al. 2001; Imaizumi et al. 2003; Mizoguchi et al. 2005; Imaizumi et al. 2005) . GI and FKF1 are positive regulators and CDF1 is a negative regulator of CO transcription. In the gi mutant and GI-OX, overall CO mRNA levels damp to low and high levels, respectively (Suarez-Lopez et al. 2001; Mizoguchi et al. 2005) . In contrast, in fkf1 mutants, the daytime peak of CO is absent but night time CO expression is not changed in long day and short day (Imaizumi et al. 2003) . High levels of daytime CO expression can be detected only when high levels of FKF1 protein and light coincides, suggesting that FKF1 protein regulates CO transcription in a light-dependent manner. Imaizumi et al. (2005) reported that FKF1 regulates CO expression in part by degrading CDF1, a Dof transcription factor which directly binds to the CO promoter and suppresses CO transcription. CDF1 was isolated with other Dof transcription factors (CDF2 and CDF3) by a yeast two-hybrid screen to find substrate proteins of targeted degradation by FKF1 interacting with its kelch repeats. These three transcription factors also interacted with LKP2, but not with ZTL. Within the three CDFs, only CDF1 showed late flowering when overexpressed which is similar to fkf1, suggesting that CDF1 is a substrate of FKF1 participating in flowering time regulation.
GI and FKF1 show a similar rhythmic oscillation pattern of RNA and protein (Fowler et al. 1999; Imaizumi et al. 2003; David et al. 2006; Imaizumi et al. 2005) . Furthermore, both positively regulate photoperiod dependent flowering by regulating the expression of floral activator genes, including CO and FT, under the regulation of the circadian clock (Suarez-Lopez et al. 2003; Imaizumi et al. 2003; Mizoguchi et al. 2005; Fujiwara et al. 2005a Fujiwara et al. , 2005b Imaizumi and Kay 2006) . Those reports imply the possible functional interaction between GI and FKF1. Kim et al. (2007) found that GI and FKF1 proteins interact in planta. Sawa et al. (2007) also found that GI and FKF1 directly interact in vivo and in vitro. Interestingly, their interaction occurs differentially throughout the day, peaking in the afternoon both under short day and long day conditions, and diminishing at night. Similar to the findings in the GI-ZTL study, the FKF1-GI interaction is induced by blue light and the LOV domain is responsible for the interaction. The N terminus of GI is sufficient for the light dependent interaction with FKF1. The light dependency is abolished by blue light blind mutations in the LOV domain, suggesting that FKF1 is a blue light receptor, like ZTL. The timing of this GI-FKF1 interaction likely regulates the timing of CO expression in part. The CO repressor CDF1 interacts with GI. The associations of GI and FKF1 with CO chromatin were detected in the evening and the association of CDF1 was detected in the morning. These data suggest that the regulation of CO transcription by GI, FKF1 and CDF1 is required for the day-length measurement for flowering. The authors suggest that GI may interact with CDF1 that has already bound to the CO promoter to repress the transcription in the morning. Then, in the afternoon, FKF1 may interact with the GI-CDF1 complex and degrade the CDF1 to release the CO repression. However, it is still not clear whether GI-FKF1-CDF1 form a complex or not. Both FKF1 and CDF1 interact with the N terminus of GI (amino acids 1-391). Hence, it is possible that a GI-FKF1-CDF1 complex is not formed but GI-FKF1, FKF1-CDF1 and GI-CDF1 interactions occur independently to regulate CO transcription.
Genetic analyses suggest that FKF1 function is largely dependent on GI, but GI function is only partially dependent on FKF1 function (Sawa et al. 2007 ). This suggests that GI would regulate not only FKF1 function but also other proteins or pathways in the photoperiodic flowering pathway. These are consistent with the report by Mizoguchi et al. (2005) showing that GI promote flowering through CO dependent and independent pathways. In addition, CDF1 RNAi cause a very weak early flowering phenotype and only slightly suppresses the late flowering phenotype of fkf1 (Imaizumi et al. 2005) , suggesting that there are other important factors regulating flowering time under FKF1.
Conclusion
A circadian clock has pivotal roles for many physiological phenomena in Arabidopsis, including photoperiodic flowering and hypocotyl elongation. Fine tuning of the circadian mechanisms responding to environment is important for the regulation. Recent biochemical studies have made substantial progress in revealing the importance of post-transcriptional/ transclational regulations of central clock machinery and its related input and output pathways. A major breakthrough was the finding that ZTL family members comprise a novel type of blue light receptor which directly regulates the clock and photoperiodic flowering. They function with other proteins for the proper targeted degradation of substrate proteins in a light dependent manner. However, the precise mechanisms are still not clear. ZTL family members interact with many kinds of proteins. Some of the interactors possibly regulate ZTL family members and the other might be degraded by them or function together. How might they coordinate so many factors? Protein modifications such as phosphorylation would be important for the proper recognition of interactors and the regulation of stabilization and degradation. Changing the forms and the members of complex formation might allow them to regulate many kinds of events depending on their circumstances. Further biochemical analyses combined with genetic approaches will lead us towards further understanding.
